Abstract 3,5-Bis-(trifluoromethyl)phenyl sulfones (BTFP sulfones) 1a-e, easily synthesized from 3,5-bis-(trifluoromethyl)benzenethiol, react under PTC with (Z)-1,4-dichloro-2-butene to afford the cyclopentenyl sulfones 3, which suffer further diastereoselective alkene epoxidation with MCPBA giving BTFP sulfonyl cyclopentene oxides 5 and 6 in good yields. These epoxides are convenient precursors of 3,5-disubstituted cyclopent-2-enones, which are given after epoxide ring-opening with different nucleophiles and final successive oxidation-BTFP sulfinate elimination.
Introduction
The cyclopentenone structure occurs in a wide variety of biologically active compounds such as prostaglandins, pyrethroids, and steroids. Cyclopentenones are also often used as building blocks for the synthesis of other biologically active compounds owing to their suitability for further functionalization via nucleophilic 1,4-addition and reaction with electrophiles at the 2-and 5-positions ( Figure 1 ). For all these reasons, numerous synthetic methods have been developed for their preparation. Among them we can mention classical routes such as the base-catalyzed intramolecular aldol condensation of 1,4-dicarbonyl compounds, 1 the intramolecular Wittig-type reactions, 2 intramolecular 1,5-C-H insertions, 3 and the Nazarov 4 cyclization. Moreover, different transition metal-mediated approaches 5 such as the Pauson-Khand reaction, 6 and the Rautenstrauch rearrangement, 7 have become very popular for the synthesis of this type of compounds. We have recently shown that the 3,5-bis-(trifluoromethyl)phenyl (BTFP) group is a strong electron-withdrawing group, and that the corresponding BTFP sulfonyl group is an excellent nucleofuge in base-promoted β-elimination processes used in the stereoselective synthesis of Eaconitates by dialkylation under phase-transfer-catalyzed conditions followed by concomitant elimination 8 ( Figure 2 ). 2-BTFP-sulfonyl-ethanol is an efficient protective group for carboxylic acids, which is easily removed with aqueous NaHCO 3 ( Figure 2 ). 9 Also, alkyl BTFP sulfones can be used in the stereoselective synthesis of di-, tri-, and tetra-substituted olefins through the JuliaKocienski olefination 10 of aliphatic and aromatic aldehydes and ketones under very simple and mild reaction conditions by using KOH and phosphazenes as bases 11 ( Figure 2 ). Recently, functionalized 3,5-disubstituted cyclopent-2-enones have been prepared via a solidphase sulfone-linker strategy employing a phenylsulfonyl-functionalized polystyrene/ divinylbenzene resin. 12 In the present study, we report on the synthesis of 3,5-disubstituted cyclopentenones, employing functionalized alkyl BTFP sulfones in a four-step synthetic strategy as depicted in the retrosynthetic Scheme 1. We assume that the dialkylation step should be easily performed under PTC 8 and the final oxidation and β-elimination of BTFP sulfinic acid should take readily place in an in situ process.
Results and Discussion
For the preparation of alkyl BTFP sulfones 1, a previously described two-step procedure was used (Scheme 2). 8 The alkylation reaction of 3,5-bis-(trifluoromethyl)benzenethiol 13 with alkyl bromides using NaH as base in CH 3 CN at RT afforded the corresponding sulfides 2, which were oxidized without further purification. The oxidation was performed with 30% H 2 O 2 in the presence of substoichiometric amounts of MnSO 4 .H 2 O (1 mol %) and a buffer solution of NaHCO 3 14 for sulfides 1a-c, or Oxone ® in MeOH/H 2 O at RT for the synthesis of sulfones 1d-e (Scheme 2). The overall yields obtained ranged from 60% for the phosphonate derivative 1e to 93% for the benzyl sulfone 1a (Scheme 2).
Scheme 2. Synthesis of the BTFP sulfones 1a-e.
The cyclopentenes 3a-e were prepared in good yields under very mild PTC conditions by α,α-dialkylation reaction of the sulfone with (Z)-1,4-dichlorobut-2-ene (Scheme 3, Table 1 ). The benzylic sulfones 1a and 1b were submitted to the dialkylation process employing KOH as base to give the cyclopentene derivatives 3a and 3b in 76 and 58% yield, respectively (Table 1, entries 1 and 2). In the α,α-dialkylation of BTFP sulfone 1b a 28% yield of the cyclopentenol 4 was also obtained as a consequence of a nucleophilic substitution of the sulfonyl group by the base. On the other hand, K 2 CO 3 was the base which gave the best yields for the α,α-dialkylation reaction of the more acidic sulfones 1c-e, affording the corresponding adducts 3c-e in yields between 60 and 76% (Table 1 , entries [3] [4] [5] . It is worth mentioning that non-activated benzyl sulfones require much stronger bases, such as n-BuLi at 0ºC, to perform this α,α-dialkylation process with (Z)-1,4-dichlorobut-2-ene. chromatography (Scheme 3, Table 1 ). We initially assumed that the observed major diastereomer in the epoxidation reaction corresponded to the product with the relative stereochemistry depicted in 6, since these isomers were the only products obtained in similar epoxidations performed with (phenylsulfonyl)cyclopentene derivatives. 12,15a The formation of the major diastereomer 6 can be probably be due to steric reasons.
Scheme 3.
Synthesis of BTFP sulfonyl cyclopentenes 3 and oxiranes 5 and 6. c A 28% yield of 4 was also obtained.
The next step towards the synthesis of 2-cyclopentenones consisted in the nucleophilic ring opening of the sulfonyl epoxides with various nucleophiles (Scheme 4, Table 2 ). This study was carried out with the major epoxide diastereomers 6 in order to prepare diastereomerically pure products 7. A preliminary screening of the reaction was performed with epoxide 6a, employing different nucleophiles. Nucleophilic ring-opening of the epoxide moiety in 6a with sodium azide in DMF at 100ºC afforded the cyclopentanol 7aa in a 54% yield (Table 2, entry 1). A higher yield (66%) was obtained when the reaction was performed employing an excess of lithium azide (20% aqueous solution) ( Table 2 , entry 2). When employing amines as nucleophiles, it was necessary to use a larger excess of the reagent, longer reaction times, and solventless conditions, as depicted for benzylamine in Table 2 entries 3 and 4. With the purpose of reducing the reaction time, the ring opening was performed under microwave irradiation (200W) and solventless conditions, but no improvement of the yield of 7ab was observed (Table 2, entry 5). When using n-butylamine as nucleophile, the best yield of the corresponding sulfonyl β-amino alcohol 7ac was observed under solventless conditions at 78ºC (Table 2 , compare entries 5 and 6). No ring-opening reaction was observed with carbon nucleophiles such as sodium alkylmalonates, sodium cyanide, or trimethylsilyl cyanide under different conditions, only starting material being recovered from the reaction. Very recently, a highly regioselective ring opening of epoxides and aziridines using (bromodimethyl)sulfonium bromide has been reported. 16 The ring opening of 6a with this reagent in MeCN at RT, led to the corresponding bromohydrin 7ad in a 69% yield (Table 2 , entry 7).
Scheme 4. Nucleophilic epoxide opening reactions.
At this point, the relative stereochemistry of epoxides 5 and 6 was confirmed by carrying out NOE studies on the ring-opening adducts 7 and 8. For this purpose, the diastereomeric epoxide 5a was also submitted to nucleophilic ring opening with LiN 3 and Me 2 SBr 2 , to afford the alcohols 8aa and 8ad in a 62 and 67% yield, respectively (Scheme 5, Table 1 , entries 8 and 9). As depicted in Figure 3 , the relative stereochemistry assigned to compounds 5 and 6 was corroborated by using the NOEs observed for the corresponding β-azido-alcohol compounds 7aa and 8aa as well as the bromohydrins 7ad and 8ad.
The BTFP sulfonyl epoxides 6b-e were also submitted to ring opening with some of the previously studied nucleophiles (Table 1, entries [10] [11] [12] [13] [14] [15] [16] . The use of (bromodimethyl)sulfonium bromide led to the β-bromo alcohols 7bd, 7cd, 7dd, and 7ed with yields ranging from 54 to 87% (Table 1 , entries 10-13). The BTFP sulfone 6d reacted in a very low isolated yield with benzylamine under solventless conditions at 80ºC to give the functionalized sulfone 7db (Table 2,  entry 14) . Only a 34% yield of compound 7ca was obtained when BTFP-sulfone 6c reacted with LiN 3 in DMF at 80ºC for 24 h (Table 1, entry 15 ). This was due in part to the formation of compound 9 in a 31% yield as a consequence of the hydrolysis and thermal decarboxylation of the isopropyl ester moiety (Figure 4) . In order to avoid the hydrolysis of the ester group, the reaction was carried out in anhydrous conditions using NaN 3 as nucleophile (Table 1, entry 16). However, under these conditions the carbonate 10 was isolated in a 52% yield as a result of the intramolecular nucleophilic attack of the alkoxide on the ester group (Figure 4) . c A 31% yield of 9 was also obtained. The last step of the synthesis of the 3,5-disubstituted cyclopentenones consisted of the oxidation and subsequent BTFP-sulfinic acid elimination from the cyclopentanols 7. The bromohydrin 7ad was chosen as a model substrate to perform an optimization of the reaction conditions since the obtained 5-bromocyclopentenone is a suitable substrate for further modification of the cyclopentene structure. As illustrated in Scheme 6, oxidation of the bromo cyclopentanol 7ad under Swern conditions (Method A) led, after in situ triethylamine (TEA)-catalyzed sulfinate elimination, to the corresponding 5-bromo-3-phenylcyclopent-2-enone (11) in 40% yield. A similar result was obtained when the oxidation was carried out employing the system tetra-n-propylammonium perruthenate/N-methylmorpholine-N-oxide (TPAP/NMO) 17, 18 where the in situ-generated Nmethylmorpholine performed the elimination of the BTFP sulfinate (Method B, Scheme 6). A better (53%) yield was obtained when the oxidation was carried out employing 2-iodoxybenzoic acid (IBX) 19 under base-free conditions (Method C). The low to moderate yields obtained in the final step of the cyclopentenone synthesis were probably associated with the isolation process, owing to the high volatility of the cyclopentenone 11, since the conversions in the oxidation reactions were in all cases very high. A similar study of reaction conditions was performed with the BTFP sulfones 7aa, 7bd, and 7ca, the best results being those depicted in Scheme 6. Methods A or B gave the best results for the oxidation-elimination sequence of the 2-azidocyclopentanol 7aa which afforded the cyclopent-2-enone 12 in a moderate 40% yield. On the other hand, the cyclopentenones 13 and 14 were obtained after oxidation with IBX of 7bd and 7ca in 52 and 41% yields, respectively (Scheme 5). The amino-alcohol derivatives such as 7ab and 7ac were also submitted to the oxidationelimination sequence under the studied conditions, but unfortunately only decomposition products were detected in the crude reaction mixtures. Finally, it is worth mentioning that the isolated total yield from the cyclopentenone synthesis can be improved if the synthetic sequence is performed without any purification and/or isolation of the corresponding intermediates. For example, the cyclopentenone 11 was obtained in a 40% isolated overall yield from BTFP sulfonyl cyclopentene 3a without any purification and/or separation of the intermediates 5a/6a and 7ad (Scheme 7). This result represents an increase of nearly 10% in yield compared to the previously described procedures.
Scheme 7. Synthesis of cyclopentenone 11 without intermediate purifications.
In conclusion, this work further demonstrates the chemical versatility of BTFP sulfones, which can be used for the synthesis of highly functionalized 3,5-disubstituted cyclopent-2-enones. Owing to the strongly electron-withdrawing character of the BTFP sulfonyl group the dialkylation can be performed under milder conditions than previously reported (BuLi) for phenyl sulfones employing non-metallic bases such as KOH or K 2 CO 3 under PTC conditions. The last oxidation-elimination step has been performed with different oxidants, such as Swern conditions, TPAP/NMO, and IBX. It can be concluded that IBX is the best reagent to perform this tandem process under very mild reaction conditions. The excellent nucleofugal properties of the BTFP sulfonyl group also facilitates the final elimination step. Consequently, the methodology described here makes use of readily available starting materials, mild reaction conditions, and very simple procedures, and is especially useful for the synthesis of new 5-bromocyclopentenone substrates, which allows future further functionalization.
Experimental Section
General Procedures. Melting points were obtained with a Reichert Thermovar apparatus and were not corrected. IR data were collected on a FTIR apparatus, Nicolet Impact 400D, and peaks are reported in cm -1 . Only the structurally most important IR peaks have been listed. NMR spectra were recorded on a Bruker AC-300 ( General procedure for the synthesis of 3,5-bis-(trifluoromethyl)phenyl sulfanes 2a-e. To a room temperature solution NaH (95%, 303 mg, 12 mmol) in MeCN (60 mL) under argon atmosphere, 3,5-bis-(trifluoromethyl)benzenethiol (1.7 mL, 10 mmol) was added dropwise. After 20 min, the corresponding alkyl bromide (11 mmol) was added and the reaction mixture was stirred at the same temperature for 1 day. After quenching with H 2 O (70 mL), the mixture was extracted with EtOAc (2 x 50 mL). The combined organic layers were dried (MgSO 4 ) and evaporated to afford the corresponding pure crude 3,5-bis-(trifluoromethyl)phenyl sulfanes 2a-e, which were used in the next oxidation step without further purification. (14) . General procedure for the synthesis of 3,5-bis-(trifluoromethyl)phenyl sulfones 1a-c. To a RT stirred solution of the corresponding sulfide 2a-c (1 mmol) and MnSO 4 monohydrate (2 mg, 1 mol %) in MeCN (23 mL), was slowly added a previously prepared at 0 ºC aqueous mixture comprised by 30% H 2 O 2 (5 mmol, 515 µL) and a 0.2 M buffer solution of NaHCO 3 (17 mL). After stirring for 1 d the reaction was quenched with a saturated aqueous solution of NaCl (30 mL), extracted with EtOAc (2 × 20 mL) and dried with anhydrous Na 2 SO 4 . Filtration and evaporation of the solvents afforded the corresponding pure crude sulfones 1a-c which were recrystallized in hexane. General procedure for the synthesis of 3,5-bis-(trifluoromethyl)phenyl sulfones 1d-e. To a stirred solution of the corresponding sulfide 2d-e (10 mmol) in a 1/1 mixture of MeOH/H 2 O (88 mL) at 0 ºC, was slowly added Oxone ® (100 mmol, 62 g) and the resulting mixture was stirred at RT for 1 d. Then, MeOH was evaporated, the residue was dissolved in CH 2 Cl 2 (100 mL) and filtered through Celite. To the resulting solution water was added and the mixture was extracted with CH 2 Cl 2 (2 x 50 mL), was washed with a saturated solution of NaCl (3 x 100 mL), and dried (MgSO 4 ). Filtration and evaporation of the solvent afforded the corresponding pure crude sulfones 1d-e which were recrystallized in ether/hexane or purified by flash chromatography (hexane/EtOAc). 4 Cl (50 mL), extracted with EtOAc (2 x 50 mL), and the organic phase was dried (MgSO 4 ). Filtration and solvent evaporation afforded the corresponding crude cyclopentenes, which were purified by flash chromatography (hexane/EtOAc) to afford pure compounds 3. (100 mL) at RT, MCPBA (6.75 g, 30 mmol) was added and the mixture was heated at 50 ºC for 18 h. The reaction mixture was then quenched with a saturated solution of NaHCO 3 (100 mL), and extracted with CH 2 Cl 2 (2 x 80 mL). The organic phase was further washed with a saturated solution of Na 2 SO 3 (3 x 50mL) and NaHCO 3 (2 x 50 mL). The organic phase was dried (MgSO 4 ), and after solvent evaporation the corresponding crude oxiranes were obtained as a mixture of diastereomers (see Scheme 3), which were purified by flash chromatography (hexane/EtOAc) to afford pure compounds 5 (14), 161 (23), 145 (29), 135 (23), 133 (16), 109 (17), 83 (15), 82 (20), 81 (100), 65 (14), 53 (17) . General procedure for epoxide opening with benzylamine. Benzylamine (1.1 mL, 10 mmol) was added to a DMF (5 mL) solution of epoxide 6a (0.5 mmol) and the reaction mixture was heated at 100 ºC for 24 h. The reaction was quenched with a saturated solution of NH 4 Cl (10 mL), extracted with EtOAc (2 x 10 mL), and the organic phase dried (MgSO 4 ). Solvent evaporation afforded the corresponding crude alcohol amine, which was purified by flash chromatography to afford pure compound 7ab. General procedure for epoxide opening with amines under solventless conditions. A mixture of the corresponding epoxide 6a or 6d (0.3 mmol) and benzyl or butyl amine (1 mL) was heated at 80 ºC for 38 h. The reaction was quenched with a saturated solution of NH 4 Cl (10 mL), extracted with EtOAc (2 x 10 mL), and the organic phase was dried (MgSO 4 ). Solvent evaporation afforded the corresponding crude alcohol amine, which was purified by flash chromatography (hexane/EtOAc) to afford pure compounds 7ab, 7ac and 7db. Experimental procedure for synthesis of compound 7ab under microwave irradiation. A 10 mL glass tube was charged with epoxide 6a (0.3 mmol) and benzyl amine (1 mL), sealed with a septum and heated at 95 ºC (200W) for 0.5 h with air stream cooling. The reaction mixture was cooled at room temperature and quenched with a saturated solution of NH 4 Cl (10 mL). The mixture was extracted with EtOAc (2 x 10 mL) and the organic phase was dried (MgSO 4 ). Filtration and solvent evaporation afforded the corresponding crude alcohol amine, which was purified by flash chromatography (hexane/EtOAc) to afford pure compound 7ab. General procedure for preparation of cyclopentenones 11-14. Method A (Swern oxidation). A mixture of CH 2 Cl 2 (725 µL) and DMSO (246 µL, 3.2 mmol) was added within 5 min to a stirred solution of oxalyl chloride (145 µL, 1.6 mmol) in CH 2 Cl 2 (3.6 mL) at -60 ºC. The reaction mixture was stirred for 15 min and then the alcohol 7 (1.45 mmol) was added within 5 min; stirring was continued for an additional 15 min. TEA (1 mL, 7.2 mmol) was then added, and the reaction mixture was stirred overnight and allowed to warm to room temperature. Water (10 mL) was then added and the aqueous layer was extracted with additional CH 2 Cl 2 (2 x 10 mL). The organic layers were combined, washed with saturated NaCl solution (20 mL), and dried (MgSO 4 ). Solvent evaporation afforded the corresponding crude cyclopentenones, which were purified by flash chromatography (pentane/Et 2 O). Method B (TPAP/NMO). TPAP (27 mg, 0.075 mmol) was added to a stirred mixture of alcohol 7ad (273 mg, 0.5 mmol) and NMO (180 mg, 1.5 mmol) in CH 2 Cl 2 (2 mL) at RT. After stirred for 24 h at the same temperature, the reaction mixture was filtered through a pad of Celite, which was washed with Et 2 O. Solvent evaporation afforded the corresponding crude cyclopentenone, which was purified by flash chromatography (pentane/Et 2 O).
1-(4-Nitrophenyl)-3-cyclopentenol (4).

Method C (IBX).
To a solution of corresponding alcohol (0.5 mmol) in THF (3 mL) and DMSO (3 mL, for compound 7ad), or DMSO (6 mL, for 7bd and 7ca), was added IBX 20 (418 mg, 1.5 mmol), and the mixture was stirred at RT for 48 h. The mixture was diluted with H 2 O (4 mL), and stirred at 0 ºC for 10 min. The resulting suspension was filtered through a Celite pad, which was washed with EtOAc. The filtrated was diluted with brine (5 mL), followed by extraction with Et 2 O (3 x 15 ml) and dried (MgSO 4 ). Solvent evaporation afforded the corresponding crude cyclopentenones, which were purified by flash chromatography (pentane/Et 2 O). 
